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Objective: The study was conducted to assess the error and variability that results from human factors in Doppler peak
velocity measurement. The positioning of the Doppler sample volume in the vessel, adjustment of the Doppler gain and
angle, and choice of waveform display size were investigated. We hypothesized that even experienced vascular technolo-
gists in a laboratory accredited by the Intersocietal Commission for Accreditation of Vascular Laboratories make
significant errors and have significant variability in the subjective adjustments made during measurements.
Methods: Problems of patient variability were avoided by having the four technologists measure peak velocities from an in
vitro pulsatile flow model with unstenosed and 61% stenosed tubes. To evaluate inaccurate angle and sample volume
positioning, a probe holder was used in some of the experiments to fix theDoppler angle at 60°. The effect of Doppler gain
was studied at three settings—low, ideal, and saturated gains—that were standardized from the ideal level chosen by
consensus amongst the technologists. Two waveform display sizes were also investigated. Peak velocity measurement was
assessed by comparison with true peak velocities. For each variable studied, average peak velocities were calculated from
the 10measurements made by each technologist and used to find the percent error from the true value, and the coefficient
of variation was used to measure the variability.
Results: Doppler angle, sample volume placement, and the Doppler gain were the most significant sources of error and
variability. Inaccurate angle and placement increased the variability in measurements from 1% to 2% (range) to 4% to 6%
for the straight tube and from 1% to 2% to 3% to 9% for the 61% stenosis. The peak velocity error was increased from 9%
to 13% to 7% to 28% for the stenosis. Both measurement error and variability were strongly dependent on the Doppler
gain level. At low gain, the error was approximately 10% less than the true value and at saturated gain, 20% greater. The
display size only affected measurements from the stenosed tube, increasing the error from 9% to 13% to 15% to 24%.
Conclusions:Major factors affecting Doppler peak velocity measurement error and variability were identified. Inaccurate
angle and sample volume placement increased the variability. The presence of a stenosis was found to increase the
measurement errors. The error was found to depend on the Doppler gain setting, with greater variability at low and
saturated gains and on the display size with a stenosis. ( J Vasc Surg 2005;42:972-9.)
Clinical Relevance: Doppler ultrasound peak velocity measurements are widely used for the diagnostic assessment of the
severity of arterial stenoses. However, it is known that these measurements are often in error. We have identified
subjective human factors introduced by the technologist and assessed their contribution to peak velocity measurement
error and variability. It is to be hoped that by understanding this, improvements in the machine design and measurement
methods can be made that will result in improved measurement accuracy and reproducibility.Ultrasound is widely used for the diagnostic assessment
of the severity of arterial stenoses involving carotid, periph-
eral, and other major arteries. In the case of carotid arterial
disease, ultrasound assessment is frequently used as sole
criteria to determine whether intervention is necessary.1
In reaching a diagnostic decision on the severity of an
arterial stenosis from a duplex ultrasound scan, several
sources of information need to be considered: (1) the
severity of the stenosis as assessed by the B-scan image, (2)
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that may also include peak velocity and end-diastolic mea-
surement, the ratio of the peak velocity at the stenosis to the
velocity proximal or distal to the stenosis, or both; (3) the
presence of spectral broadening, and (4) the color flow
map. Of these, peak velocity is most frequently used and
relied upon.
Table I lists some of the most significant errors or
inconsistencies in measuring the severity of a stenosis that is
determined from the measurement of peak velocity. Of
these, some are characterized as being due to the machine
or manufacturer, some arise from the patient, and some are
caused by the technologist. Christopher et al2 also provide
a good summary of the primary factors, most of which have
been included in the machine/manufacturer category in
Table I.
There has been extensive research into determining the
sources of errors in peak velocity measurement. Clinical
Doppler studies have focussed on determining how velocity
and other criteria1,3-6 affect the accuracy of diagnostic
evaluation. Previous studies of technologist variability in
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showed significant variability.7,8 Specifically, one study7
reported that the determination of the severity of carotid
stenosis from peak velocity measurements made by experi-
enced technologists was reproducible when categorized
into ranges. However, the use of a continuous velocity scale
for diagnostic evaluation was inaccurate because of inter-
observer variation, especially for moderately severe steno-
ses.
Human factors introduced by the technologist need to
be understood to provide direction for reducing the errors
of peak velocity measurement. In this study, an in vitro
pulsatile flow model system was used to eliminate patient
variability, thereby allowing us to investigate the other
primary sources of error in the measurement of peak veloc-
ity that are introduced by the technologist and by the
technologist/machine interaction process.
The overall objective of this work was to assess the
sources of error in Doppler peak velocity measurement by
experienced vascular ultrasound technologists. Specifically,
our aim was to determine the magnitude of the error and
variability that occurs as a result of adjustment of the
Doppler angle and positioning of the sample volume, ad-
justment of the spectral gain, and adjustment of the display
Table I. Primary sources of errors in Doppler peak
velocity measurement
Primary source of error Details
Technologist Lack of experience and insufficient
training
Interobserver variability (among
technologists)
Inconsistent diagnostic evaluation and
stenosis assessment criteria
Stenosis measurement methodology
Angle of insonation incorrectly set
with respect to the flow velocity
vector
Incorrect placement of the sample
volume at the site of the maximum
peak velocity: namely not as close as
possible to the site of maximum
stenosis or off the center axis in axial
or lateral planes
Inappropriate selection of the Doppler
gain setting and the sample volume
size
Machine/Manufacturer Sample volume shape
Signal processing
Aperture size
Beam steering
Transit time and geometric spectral
broadening
System noise
Speed of sound assumption for
converting frequency to velocity
Patient Vessel morphology, including the size,
location and tortuosity
Plaque calcification
Patient motionscale.METHODS
To systematically evaluate how the human factors affect
themeasurement of peak velocity, it was necessary to isolate
the technologists from other sources of variability. Prob-
lems of patient variability were minimized by having the
technologists measure peak velocities from an in vitro pul-
satile flow model with an unstenosed tube and a 61%
(diameter reduction) stenosed tube. A commercially avail-
able ultrasound machine (Acuson 128XP/10 system, 3.5-
MHz, L5 probe) (Siemens Medical Solutions, Malvern,
Penn) was used in all experiments. This machine has a
continuously adjustable Doppler gain control, but as will
be detailed later, for our purpose, only three gain levels
were used. We used a sample volume size of 1.5 mm for all
experiments, a value that is frequently used clinically. In
addition, to obtain a Doppler angle of 60° (angle between
the incident ultrasound beam and the vessel axis), a beam
steering angle of 30° was used. For some of the experi-
ments, a custom-designed probe holder was used to fix the
probe at the surface of the flow model.
Four experienced technologists (14 to 24 years experi-
ence) from an Intersocietal Commission for Accreditation
of Vascular Laboratories-accredited vascular laboratory
participated in the study. The measured peak velocity was
assessed by comparison with the true value that was calcu-
lated by using computational fluid dynamics as described in
the section “Determination of true peak velocity.”
Experimental protocols. Listed in Table II are the
different combinations of variables isolated for study. The
unlabeled positions correspond to control conditions. For
each experiment, each technologist made 10measurements
by positioning the callipers on displayed waveforms ob-
tained from the flow model. Between every measurement,
the calliper was moved to the bottom left corner of the
display. In addition, the peak velocity value shown on the
display screen was hidden throughout the experiments with
the use of a piece of paper, thereby blinding the technolo-
gists to the value previously chosen and the value being
measured.
In the control experiments, the probe holder was used
to fix the Doppler angle at 60° and to fix the sample volume
position in the center of the vessel. In the case of the
stenosed vessel, the sample volume was placed approxi-
mately 5 mm from the distal end of the 20-mm-long
stenosis. Fig 1 shows a sample display that was presented to
the technologists for the control measurements on the
unstenosed vessel.
Before data were collected, an ideal Doppler gain set-
ting was determined by discussion and subsequent agree-
ment amongst the four participating technologists. The
investigators then selected an appropriate velocity scale
such that the waveform filled most of the available space
(expanded waveform display size, see below) as shown in
Fig 1. The only remaining human factors variable was the
accuracy with which the technologists could set the display
callipers for determining the peak velocity. In a subsidiary
experiment described in Appendix A (online only), an
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velocity from 219 patient recordings.
These measurements were designed to establish a base-
line set of results to which all our other measurements
could be compared. A comparison of these results with
those made by two of the technologists showed good
correlation.
For the experiments that examined the effect of posi-
tioning the Doppler angle and sample volume, the technol-
ogists were asked to hold the probe, place the sample
volume in the vessel at an appropriate location in relation to
a stenosis (if present), and from the display screen, record
peak velocity by positioning callipers on the spectral wave-
form display. In this procedure, the technologists deter-
mined the best location from which to record the peak
velocity by moving the sample volume throughout the
stenotic region as they normally would with patients. They
were also asked to adjust the gain and waveform display size
to their satisfaction. For each experiment, each measure-
ment was completed between the technologists’ regularly
scheduled clinical duties with patients. Thus, the order in
which each technologist made measurements was random-
ized. As with the control experiments, the calliper was
Table II. Experimental variables*
Experiment Vessel stenosis A
Control 0
61%
Angle and positioning 0
61%
Doppler Gain 0
0
Waveform display size 0
61%
*Unlabeled items correspond to control conditions.
Fig 1. Example of a control experiment display (fixed probe, ideal
gain, expanded waveform size) as presented to the technologists
for measurements from the unstenosed tube.moved to the bottom left corner between every measure-ment made, and in addition, the gain was reset to its
minimum value so that the spectral waveform was not
displayed.
To study the Doppler gain, two other fixed settings
were used and set by the investigators: one was a low-gain
setting at which a waveform is just visible, and the other was
a gain setting corresponding to the onset of saturation in
the spectral display where slight background speckle can be
seen. The probe holder was used to fix the angle and
position, and the expanded waveform was displayed to
obtain measurements in the same manner as for the control
experiments. These measurements were obtained from the
unstenosed vessel.
For the waveform display size, a second velocity scale
was used that resulted in a compressed waveform that
spanned approximately one third of the velocity display
range. In comparison, the expanded size used for the
controls (Fig 1) spans approximately 90% of the display
area. The other variables of angle and position and Doppler
gain were set as in the controls. Measurements were made
from both the unstenosed and stenosed vessels.
Flow system and materials. The flow model con-
sisted of unstenosed and stenosed vessels surrounded by an
agar-based tissue-mimicking material. The vessels were
made from C-Flex (Cole-Parmer, Vernon Hills, Ill) tub-
ing9 with an inner diameter of 7.9 mm and a wall thickness
of 1.6 mm. A symmetric cosine-shaped stenosis with a 61%
diameter reduction (85% area) was machined out of acrylic
and fixed within one of the tubes.
A pulsatile pump (Model 1423, Harvard Apparatus,
Holliston, Mass) was used to pump blood-mimicking
fluid10,11 through the chosen vessel at a time averaged flow
rate of about 0.5 L/min for the unstenosed vessel and
about 0.43 L/min for the stenosed vessel. The flow wave-
form used for the unstenosed tube is shown in Fig 2. A
similar waveform (not shown) was used for the stenosed
vessel.
Determination of true peak velocity. Computational
fluid dynamics (CFD) were used to calculate the true peak
velocity for the stenosed vessel from the digitized volumet-
ric flow waveform and the known shape of the stenosis.
CFD is a class of numerical techniques used for solving the
equations that govern fluid flow under either steady or
pulsatile conditions. Thesemethods are widely used and are
nd position Doppler gain Display size
ed Ideal Expanded
ed Ideal Expanded
ustable Adjustable Adjustable
ustable Adjustable Adjustable
— Low —
— Saturated —
— — Compressed
— — Compressedngle a
Fix
Fix
Adj
Adjgenerally accepted as giving results that accurately corre-
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gold standard for accurately determining velocity profiles in
a straight tube with known simple stenoses such as that
used in this study. For the unstenosed vessel, a method
based on the Womersley equations was used, and the
results were compared with those obtained using CFD
methods.
Analytical methods. The measurement error was
evaluated for each technologist in each experiment by using
the percent error from the true peak velocity value, which is
defined as
Error ((sample data true value) ⁄ true value) 100
To test for significance between the measured values
and controls, two-sample Student’s t tests (P  .005)
assuming equal variances were used. To quantify the vari-
ability in the measurements obtained by each technologist
in each experiment and the variability between the technol-
ogists, we used the coefficient of variation, defined by
Coefficient of variation
 (sample standard deviation ⁄ sample mean) 100
RESULTS
Control measurements—overestimation error. The
control measurements (Fig 3) were performed using the
probe holder to fix the sample volume in the center of the
chosen vessel and to fix the Doppler angle at 60°. More-
over, the (nominal) ideal Doppler gain setting and ex-
panded waveform display was used, leaving the display
callipers as the only adjustable variable for obtaining these
measurements.
By comparison with the true peak velocity values, the
average measured values for both the unstenosed and ste-
nosed tubes were in error between 9% and 14%, and the
variability as measured by the coefficient of variation was 1%
to 1.8%. For measurements on the stenosed vessel, one of
Fig 2. Sample experimental average flow waveform as measured
by a transit-time flowmeter (Model T108 and 10C302, Transonics
System Inc, Ithica, NY) for the unstenosed tube. A similar wave-
form was obtained for the stenosed tube.the technologists (D) consistently chose the highest pointin the velocity display scale. Thus, these results were ex-
cluded because the coefficient of variation could not be
calculated and subsequent comparisons could not be made.
In summary, the velocities measured under these control
conditions were consistently higher than the true values,
showing an inherent overestimation error.
Angle and positioning errors. Fig 4 shows summary
results for the peak velocity values measured by the four
technologists from the unstenosed and stenosed tubes
when holding the transducer probe by hand and adjusting
both the Doppler angle and sample volume position. The
percent error in the averaged measured values and the
coefficient of variation for each technologist are given. The
raw data from which these values were calculated are given
in Appendix B (online only).
The average peak velocity error from the true value for
the straight tube was 8% to 16% higher than the true peak
velocity and 7% to 28% higher for the stenosed tube (Fig 4, a).
The coefficient of variation was 4% to 6% for the straight
tube and 2.5% to 8.6% for the stenosed tube (Fig 4, b).
Comparing these results when the technologists held
the probe by hand with the control values (Fig 3), the error
in measuring peak velocity did not change for the unste-
nosed tube, ranging from 8% to 16% compared with 12% to
14% for the control (P  .005, all technologists). For the
Fig 3. Control measurements made by the technologists (A, B,
C, D) using the probe holder with a fixed ideal Doppler gain and an
expanded waveform display (N  10). a, Average () and range
() in percent error from the true peak velocity. The error bars
represent one standard deviation of the average percent error. b,
Coefficient of variation.stenosed tube, measurements by technologist B showed no
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(P  .005). However, the average error was reduced from
28% to 13% for technologist C (P  .001) and was in-
creased from 7% to 13% for technologist A (P .004), both
of which are statistically significant. A re-evaluation of the
images recorded when the probe was held by hand provides
possible explanations for technologist C’s measurements,
which are presented in the Discussion. When the probe was
held by hand, the coefficient of variation for the unstenosed
tube was found to have a range of 4% to 6% compared with
the much smaller range of 1% to 1.5% in the control results.
For the stenosis, when the probe was held by hand, the
coefficient of variation had a range of 2.5% to 8.5% com-
pared with 1% to 2% in the control results. The above
results clearly demonstrate the presence of errors and vari-
ability introduced by sample volume placement, especially
in the presence of a stenosis.
Doppler gain level. The recording in Fig 5 illustrates
how the waveform display characteristics depend on the
Doppler gain. Specifically, the image shows the effect of
changing the gain in an incremental manner on the spectral
display. In the left-hand region, the gain was insufficient to
Fig 4. Averaged peak velocity results when the probe was ad-
justed by hand (N 10). a, Average () and range () in percent
error from the true peak velocity. The error bars represent one
standard deviation of the average percent error. b, Coefficient of
variation. For comparison, the average error was between 9% and
14% and the coefficients of variation were between 1% and 2% for
the control measurements. A, B, C, and D designate the technol-
ogists.display the spectra, whereas in the right-hand region, themuch higher gain caused saturation of the signal and was
accompanied by increased background speckle.
For the unstenosed tube, the results show how differ-
ent gain settings affect the peak velocity error (Fig 6). One
of these settings (ideal) is the same as that used in the
control experiments reported previously (Fig 3). The peak
velocity error for each gain setting was similar for the four
technologists (Fig 6, a). The gain saturation setting causes
an overestimation of the peak velocity (P  .001), and the
low setting results in a significant underestimation error (P
 .001). Specifically, it ranged from 9% to 11% at low
gain to 17% to 22% at saturation. For saturated gain, the
coefficient of variation (Fig 6, b) was between 1.1% and 2%
compared with 1.1% to 1.5% for the ideal gain. For low
gain, the coefficient of variation had a range from 3% to
4.3%, significantly higher than for the ideal gain setting.
Waveform display size. The final set of results con-
cerns the possible influence of spectral waveform display
size on the peak velocity error. For the unstenosed tube,
neither the measurement errors (Fig 7, a) nor the coeffi-
cient of variation (Fig 7, b) were statistically significant, or
different, from the control values (P  .005, all technolo-
gists). On the other hand, the measurement error for the
stenosed tube was 15% to 24%, which is greater than that
for the corresponding control range (Fig 3, a). With the
exception of measurements made by technologist A (P 
.06), the error increase with respect to the controls was
statistically significant (P  .001). Further, the coefficient
of variation increased from 1% to 1.8% for the control
group (Fig 3, b) to 2% to 4.5% (Fig 7, b).
From these results, it can be seen that measurement
error and variability in the presence of a stenosis were
greater when the compressed display was used.
DISCUSSION
Much work has been done in the past decade to evalu-
Fig 5. Doppler recording made while adjusting the continuous
Doppler gain control from minimum to maximum. The velocity is
given on the y-axis and time along the x-axis.ate the accuracy of Doppler ultrasound in determining the
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indicate that operator-dependent measurement variability
exists17,18 and that the degree of stenosis is overestimated
with the use of duplex ultrasound compared with angiog-
raphy.19,20 The authors of these reports indicate a need for
maintaining quality assurance programs in individual cen-
ters by correlating the ultrasound results with other clinical
and diagnostic tests.
A number of investigators have also concluded that
because of the inaccuracies of the method, duplex ultra-
sound should be limited to evaluating only very severe
stenoses or normal or near-normal arteries because evalua-
tions of arteries with a moderate degree of stenosis are
associated with the highest error rate.3 In general, our
findings concerning the magnitude of the peak velocity
error are in agreement with previous in vitro reports.14,15
However, because simplifying assumptions are made in
such studies, translating the quantitative values to clinical
practice may not be justified.
Angle and positioning errors. When the probe is
held by hand, there are two sources of error: incorrect
adjustment of the probe to vessel angle and inaccurate
Fig 6. Average percent error of measurements (N  10) made
from the unstenosed vessel at three different Doppler gain settings:
low (), ideal (), and saturation onset (‘). a, Shows the
dependence of the measurement error on the gain. b, Shows the
coefficient of variation. Shown in (a) is the range in percent error
() for each measurement, and the error bars represent one
standard deviation of the average percent error.positioning of the sample volume within the vessel.It is known that the probe-to-vessel angle is a signifi-
cant source of measurement error and increased variability
in Doppler velocity measurement.2,14-16,21-23 For example,
if the angle error is 5°, then the peak velocity error can
readily be shown to be nearly 15%. Through in vitro string
phantom studies, it is well-established that systematic over-
estimation errors of approximately 18% exist14 and are
increased at higher Doppler angles.14,15 Our observed
measurement errors are consistent with these in vitro re-
sults. Furthermore, based on experiments conducted with
an in vitro flow system, Steinman et al16 showed that
overestimation errors mainly result from the dependence of
peak velocity measurement on the Doppler angle.
In our experiments, it was quite straightforward for
experienced technologists to adjust the angle accurately
because the tubes in the flow model were straight and
parallel to the surface and easily seen on the display. How-
ever, in an attempt to position the sample volume opti-
mally, the technologist may not have maintained the 60°
probe-to-vessel angle. Visually inspecting the recorded dis-
play images, we found probe-to-vessel angle errors of 2°
in 4 of 40 measurements made from the unstenosed vessel
and in 6 of 40 from the stenosed vessel. A difference of 2°
results in a measurement error of 6%.23 Probe-to-vessel
Fig 7. Measurements (N  10) made using the compressed
waveform display. a, Average () and range () in percent error
from the true peak velocity. The error bars represent one standard
deviation of the average percent error. b, Coefficient of variation.
For comparison, the average error was between 9% and 14%, and
the coefficients of variation were between 1% and 2% for the
control measurements.angle errors 2° that would result in measurement error
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images. As well, angle adjustments in directions outside of
the cross-sectional plane shown in the recorded images
could not be assessed. These could partly explain the in-
creased measurement error observed for technologist C
when the probe was held by hand.
In addition to a failure to maintain the 60° probe-to-
vessel angle, inaccuracies in positioning the sample volume
within the vessel could also cause an increase in the coeffi-
cient of variation between the unstenosed and stenosed
tubes when the probe was held by hand (Fig 4). Further,
errors may occur if the sample volume is incorrectly posi-
tioned. The wide range in variability observed in our results
for the stenosed tube could have been because the sample
volume was not consistently positioned sufficiently close to
the stenosis.
As described in the experimental protocol, the sample
volume was placed approximately 5 mm from the distal end
of the stenosis. In our model, the stenosis was made of
acrylic, and it was not easy to penetrate the material with
ultrasound and position the sample volume in the “throat”
of the stenosis. This problem also occurs in clinical practice
when the plaque is calcified or when the technologist does
not appreciate the importance of locating the sample vol-
ume at the site of maximum stenosis. Thus, in summary,
the errors and variability that we observed in trying to
record peak velocity from a stenosed tube may have been
due to errors in sample volume positioning, failure to
maintain a 60° angle, or both.
Doppler gain level. With low gain, the error in peak
velocity measurement was approximately 10% less than the
true value, whereas at the ideal gain level, the measured
peak velocities were 11% to 13% greater than the true value,
and at saturation, approximately 20% greater. Thus, the
Doppler gain level is of critical importance in accurately
measuring peak velocity. These results are highly relevant in
the clinical setting because differences from patient to
patient or from site to site, in addition to any differences
due to interobserver variation, can alter the levels in the
spectral display. It is evident there is a need to quantify and
standardize the gain settings.
Waveform display size. The waveform display size
could be a significant factor affecting measurement error
and variability. Our experiments compared two relative
display sizes. In practice, the technologist should choose a
velocity scale that provides the best waveform display, often
choosing between two settings such as those used in this
study.
Compared with the control measurements, use of the
compressed display caused no significant change in error or
variability when the unstenosed tube was measured. How-
ever, for the stenosed vessel, using the compressed display
increased the error and variability in the peak velocity. This
suggests that the waveform display size is an additional
factor that should be considered in measurements on ste-
nosed vessels.
Automatic peak velocity measurement. To reduce
the influence of human factors in measuring the peakvelocity, it seems reasonable to inquire whether the use of
an automatic peak velocity tracker,24,25 as available on
some clinical Doppler systems, should be used. We per-
formed a limited study, as described in Appendix A (online
only), to determine if more accurate and consistent mea-
surements could be obtained. Although the variability was
not evaluated, no significant difference was observed be-
tween the peak velocities measured using the automatic
tracker and by the technologists. Thus, its use does not
appear to provide a useful means for reducing the sources of
error noted in this study.
CONCLUSIONS AND SUGGESTIONS
This study has shown that Doppler ultrasound peak
velocity measurements are affected by subjective human
factors. From our controlled in vitro experiments, we con-
cluded that four factors could cause errors that contribute
to the errors and variability in the measurement:
1. Inaccurate Doppler angle adjustment is a significant
source of variability.
2. When a stenosis is present, additional error and variabil-
ity can result from inaccurate positioning of the sample
volume in relation to the site of maximum stenosis.
3. If the Doppler display gain level is adjusted too high
(saturated) or too low, the peak velocity measurement
will be in error and more variable.
4. Choice of the waveform display size can also be a factor
affecting measurements with the presence of a stenosis.
We agree that various approaches to reduce measure-
ment error and variability are possible, as suggested in a
recent consensus paper.26 These approaches included (1)
standardize the measurement protocol, (2) use consistent
diagnostic criteria for reporting the results, (3) establish
quality assessment for laboratories, (4) improve technol-
ogy, and (5) develop calibration techniques for standard-
ization.
The subjective human factors identified in this report
will be very important in improving measurement accuracy.
Inaccurate insonation angle and positioning of the sample
volume in relationship to the site of maximum stenosis can
be minimized by training and education of technologists
and might include simulation tools that would provide
visual feedback from a mock probe. Finding the optimum
gain can also be improved through training; however, we
suggest that development of an automated method of
optimal gain adjustment would also be of benefit. The
waveform display size could be adjusted by an automated
method. Work towards this end has recently been reported
in the patent literature.27 It is hoped that improvements in
the machine design and measurement methods based on
the work reported in this article will result in reduced
measurement error and improved reproducibility.
We appreciate the participation of the vascular technol-
ogists (S. Ungaro, H. Lypka, C. Rossi, S. Adler) from the
Vascular Laboratory at the Toronto General Hospital for
help in data collection. The help of Prof Ross Ethier and
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Comparison of technologist performance vs an auto-
mated velocity tracker
To determine whether differences exist in velocity mea-
surement between technologists and automatic peak veloc-
ity followers, we collected measurements made by both on
full carotid studies in 19 patients. For this investigation, the
Auto Doppler feature on the Acuson Aspen (SiemensMed-
ical Solutions, Malvern, Penn) system was used. With Auto
Doppler turned on, the technologists were asked to follow
their standard carotid study protocol, but after freezing the
waveform display, make both a manual measurement by
placement of the callipers on the spectral waveform display
and record an Auto Doppler measurement from the same
frozen display.
For each method, a total of 219 peak velocity measure-
ments were collected from sites located in both the left and
right internal, common, and external carotid arteries.
Shown in Fig A is a comparison of the technologists’ and
Auto Doppler data, with velocities ranging from approxi-
mately 20 cm/s to 640 cm/s. Although it is not possible to
determine which method is correct, the measurements
appear to correlate fairly well at the lower velocities. At the
higher velocities, the technologists’ measurements are esti-
mated slightly higher than the Auto Doppler. Performing a
two-sample t test on all the data showed no significant
statistical difference between the peak velocity measure-
ments. Given these findings, it would appear that there is
little difference in the measurement error.
Appendix B (online only).
Raw data for sample volume positioning errorsFigs B1 and B2 show the peak velocity values measured
by the four technologists from the unstenosed and stenosed
tubes when they held the transducer probe by hand. Thus,
the technologists had to adjust both the Doppler angle and
sample volume position. For the unstenosed tube, the
measured velocities were higher than the true value of 98
cm/s, with the exception of one measurement made by
technologist B. Measurements from the stenosed vessel
were also higher than the true value (in this case, 415
cm/s), with a greater measurement error for technologist
C compared with the other technologists (see Fig 4). From
this raw data, the percent error in the averaged measured
values and the variability as assessed by the coefficient of
variation for each technologist were derived and are shown
Fig A (online only). Comparison of peak velocity measured by
technologists vs the built-in automatic velocity-tracking algorithm
(Auto Doppler function on the Acuson Aspen). Data were col-
lected from full carotid studies on 19 patients giving a total of 219
measurements from different sites in the left and right internal
carotid artery, common carotid artery, and external carotid artery.in Fig 4.
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November 2005972.e10 Lui et alFig B1 (online only). Measured peak velocity values for the unstenosed vessel (N10). The dashed line is the true
value calculated using computational fluid dynamics, the solid line is themeanmeasured value, and the dotted lines show
one standard deviation from the mean.Fig B2 (online only). Measured peak velocity values for the 61% stenosed vessel (N10). The dashed line is the true
value, the solid line is the mean measured value, and the dotted lines show one standard deviation from the mean.
